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SERVO CHANNEL WITH EQUALIZER
ADAPTATION

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to (1s a non-provi-
sional of) U.S. Pat. App. No. 61/918,503, enfitled “Servo

Channel With Equalizer Adaptation”, and filed Dec. 19,2013
by Liao et al, the entirety of which 1s incorporated herein by
reference for all purposes.

FIELD OF THE INVENTION

Various embodiments of the present invention provide sys-
tems and methods for adapting filter coetlicients for an equal-
1zer 1n a servo channel.

BACKGROUND

In a typical magnetic storage system, digital data 1s stored
1n a series ol concentric circles or spiral tracks along a storage
medium. Data 1s written to the medium by positioning a
read/write head assembly over the medium at a selected loca-
tion as the storage medium 1s rotated, and subsequently pass-
ing a modulated electric current through the head assembly
such that a corresponding magnetic flux pattern 1s induced 1n
the storage medium. To retrieve the stored data, the head
assembly 1s positioned again over the track as the storage
medium 1s rotated. In this position, the previously stored
magnetic flux pattern induces a current 1n the head assembly
that can be converted to the previously recorded digital data.
The location of data on the storage medium 1s 1dentified by
servo data. It 1s important to properly filter the signal read

from the storage medium to enable the values of the servo data
to be detected.

SUMMARY

Various embodiments of the present invention provide sys-
tems, apparatuses and methods for adapting filter coetlicients
for an equalizer in a servo channel, and 1n some embodiments,
for adapting a target 1n a servo channel.

In some embodiments, a servo system includes an equal-
izer circuit operable to filter digital servo data samples
according to filter tap coellicients to yield equalized data, a
detector circuit operable to apply a data detection algorithm
to the equalized data to yield hard decisions, a convolution
circuit operable to yield i1deal digital data based on the hard
decisions and on target values, a subtraction circuit operable
to subtract the 1deal digital data from the equalized data to
yield an adaptation error signal, an error gradient calculator
operable calculate an error gradient signal based at least 1n
part on the adaptation error signal, and a tap adaptation circuit
operable to calculate values of the filter tap coefficients based
on the error gradient signal.

This summary provides only a general outline of some
embodiments of the invention. The phrases “in one embodi-
ment,” “according to one embodiment,” “in various embodi-
ments”, “in one or more embodiments”, “in particular
embodiments” and the like generally mean the particular
feature, structure, or characteristic following the phrase 1s
included 1n at least one embodiment of the present invention,
and may be included 1n more than one embodiment of the
present invention. Importantly, such phrases do not necessar-
ily refer to the same embodiment. This summary provides
only a general outline of some embodiments of the invention.
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2

Additional embodiments are disclosed i1n the following
detailed description, the appended claims and the accompa-
nying drawings.

BRIEF DESCRIPTION OF THE FIGURES

A Turther understanding of the various embodiments of the
present invention may be realized by reference to the figures
which are described 1n remaiming portions of the specifica-
tion. In the figures, like reference numerals may be used
throughout several drawings to refer to similar components.
In the figures, like reference numerals are used throughout
several figures to refer to similar components.

FIG. 1 1s a diagram ol a magnetic storage medium and
sector data scheme that may be used with a servo channel with
equalizer adaptation in accordance with some embodiments
of the present invention;

FIG. 2 depicts a storage system 1ncluding a read channel/
servo channel with equalizer adaptation 1n accordance with
some embodiments of the present invention;

FIG. 3 1s a block diagram of a servo channel with equalizer
adaptation and target adaptation in accordance with some
embodiments of the present invention;

FIG. 4 15 a block diagram of a servo channel with equalizer
adaptation 1n accordance with some embodiments of the

present invention;

FIG. 5 15 a flow diagram showing a method for adapting
equalizer filter coellicients 1n a servo channel 1n accordance
with some embodiments of the present invention; and

FIG. 6 1s a flow diagram showing a method for equalizer
and target adaptation in a servo channel 1n accordance with
some embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

A servo channel with equalizer adaptation 1s disclosed
herein which compensates for changing channel conditions
and supports relatively long equalizers for high channel den-
sity. In some embodiments, at least some of the servo data 1s
bi-phase encoded, and the detection algorithm applied to the
servo data 1s a low latency but relatively low accuracy peak
detection algorithm. The equalizer can be, but 1s not limited
to, a digital finite 1mpulse response filter, which filters the
read back signal to the desired shape that facilitates detection
of data values. The equalizer adaptation disclosed herein thus
facilitates detection of servo data values even 1n a peak detec-
tor by adapting the equalizer filter coetlicients to the channel
conditions. In some embodiments, a joint equalizer/target
equalization 1s performed in the servo channel, adapting the
partial response target for the servo channel as the equalizer 1s
adapted. The adaptation 1s performed on the fly during normal
operation in some embodiments. In some other embodiments,
the adaptation 1s performed during a calibration process, after
which the equalizer filter coelficients and target values are
fixed. In some embodiments, constraints are placed on the
equalizer adaptation, constraining either the main equalizer
tap coellicient or the side tap next to the main tap to program-
mable fixed values as the other coelflicients are adapted. In
some embodiments, adaptation of the equalizer and of the
target can be independently disabled.

Turming to FIG. 1, a magnetic storage medium 100 1s
shown with an example data track 116 and 1ts two adjacent
neighboring data tracks 118, 120 on disk platter 124, indi-
cated as dashed lines. The tracks 116, 118,120 are segregated
by servo data written within servo wedges 112, 114. It should
be noted that while three tracks 116, 118, 120 and two servo
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wedges 112, 114 are shown, hundreds of wedges and tens of
thousands of tracks may be included on a given storage
medium.

The servo wedges 112, 114 include servo data 130 that 1s
used for control and synchronization of a read/write head
assembly over a desired location on storage medium 100. In
particular, the servo data 130 generally includes a preamble
pattern 132 followed by a servo address mark (SAM) 134, a
Gray code 136, a burst field 138, and a repeatable run-out
(RRO) field 140. In some embodiments, a servo data set has
two or more fields of burst information. It should be noted that
different information can be included in the servo fields.
Between the servo data bit patterns 130aq and 1305, a user data
region 142 1s provided. User data region 142 can include one
or more sets of data that are stored on storage medium 100.
The data sets can include user synchronization information,
some of which can be used as a mark to establish a point of
reference from which processing of the data within user data
region 142 may begin.

In operation, storage medium 100 1s rotated 1n relation to a
sensor that senses information from the storage medium. In a
read operation, the sensor would sense servo data from wedge
112 (1.e., during a servo data period) followed by user data
from a user data region between wedge 112 and wedge 114
(1.e., during a user data period) and then servo data from
wedge 114. In a write operation, the sensor would sense servo
data from wedge 112 then write data to the user data region
between wedge 112 and wedge 114, with location informa-
tion 1n the user data region provided by a user sync mark 144
and a user preamble 146.

The data processing system that processes some or all of
the servo data (e.g., 130) retrieved from servo regions (e.g.,
112) 1s referred to herein as a servo channel. During calibra-
tion or normal operation or both, equalizer tap coelficients are
adapted based on channel conditions, and 1n some embodi-
ments, a servo channel partial response target 1s also adapted
based on channel conditions.

Turning to FIG. 2, a storage system 200 1s disclosed which
includes a read channel/servo channel circuit 202 with equal-
1zer adaptation 1n accordance with some embodiments of the
present invention. Storage system 200 may be, for example, a
hard disk drive. Storage system 200 also includes a pream-
plifier 204, an interface controller 206, a hard disk controller
210, a motor controller 212, a spindle motor 214, a disk
platter 216, and a read/write head assembly 220. Interface
controller 206 controls addressing and timing of data to/from
disk platter 216. The data on disk platter 216 consists of
groups of magnetic signals that may be detected by read/write
head assembly 220 when the assembly 1s properly positioned
over disk platter 216. In one embodiment, disk platter 216
includes magnetic signals recorded 1n accordance with either
a longitudinal or a perpendicular recording scheme.

In atypical read operation, read/write head assembly 220 1s
accurately positioned by motor controller 212 over a desired
data track on disk platter 216. Motor controller 212 both
positions read/write head assembly 220 in relation to disk
platter 216 and drives spindle motor 214 by moving read/
write head assembly 220 to the proper data track on disk
platter 216 under the direction of hard disk controller 210.
Spindle motor 214 spins disk platter 216 at a determined spin
rate (RPMs). Once read/write head assembly 220 1s posi-
tioned adjacent the proper data track, magnetic signals rep-
resenting data on disk platter 216 are sensed by read/write
head assembly 220 as disk platter 216 1s rotated by spindle
motor 214. The sensed magnetic signals are provided as a
continuous, minute analog signal representative of the mag-
netic data on disk platter 216. This minute analog signal 1s
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transterred from read/write head assembly 220 to read chan-
nel circuit 202 via preamplifier 204. Preamplifier 204 1s oper-
able to amplity the minute analog signals accessed from disk
platter 216. In turn, read channel circuit 202 digitizes and
decodes the received analog signal to recreate the information
originally written to disk platter 216. This data 1s provided as
read data 222 to a recewving circuit. A write operation 1s
substantially the opposite of the preceding read operation
with write data 224 being provided to read channel circuit
202. This data 1s then encoded and written to disk platter 216.
Whilereading servo data, or during a calibration process, read
channel/servo channel circuit 202 adapts equalizer tap coet-
ficients and, 1n some embodiments, servo channel targets.
Such equalizer adaptation can be implemented consistent
with that disclosed below 1n relation to FIGS. 3-4. In some
cases, the equalizer adaptation can be performed consistent
with the flow diagram disclosed below 1n relation to FIG. 5.

It should be noted that in some embodiments storage sys-
tem 200 1s integrated into a larger storage system such as, for
example, a RAID (redundant array of inexpensive disks or
redundant array of independent disks) based storage system.
Such a RAID storage system increases stability and reliability
through redundancy, combining multiple disks as a logical
unit. Data can be spread across a number of disks included in
the RAID storage system according to a variety of algorithms
and accessed by an operating system as if 1t were a single disk.
For example, data can be mirrored to multiple disks in the
RAID storage system, or can be sliced and distributed across
multiple disks in a number of techniques. If a small number of
disks in the RAID storage system fail or become unavailable,
error correction techniques can be used to recreate the miss-
ing data based on the remaining portions of the data from the
other disks in the RAID storage system. The disks in the
RAID storage system can be, but are not limited to, individual
storage systems such storage system 200, and can be located
in close proximity to each other or distributed more widely for
increased security. In a write operation, write data 1s provided
to a controller, which stores the write data across the disks, for
example by mirroring or by striping the write data. In a read
operation, the controller retrieves the data from the disks. The
controller then yields the resulting read data as 11 the RAID
storage system were a single disk.

In addition, 1t should be noted that 1n some embodiments
storage system 200 1s modified to include solid state memory
that 1s used to store data 1n addition to the storage offered by
disk platter 216. This solid state memory may be used 1n
parallel to disk platter 216 to provide additional storage. In
such a case, the solid state memory recerves and provides
information directly to read channel circuit 202. Alterna-
tively, the solid state memory may be used as a cache where 1t
offers faster access time than that offered by disk platter 216.
In such a case, the solid state memory may be disposed
between interface controller 206 and read channel circuit 202
where 1t operates as a pass through to disk platter 216 when
requested data 1s not available 1n the solid state memory or
when the solid state memory does not have suflicient storage
to hold a newly written data set. Based upon the disclosure
provided herein, one of ordinary skill in the art will recognize
a variety of storage systems including both disk platter 216
and a solid state memory.

Turming to FIG. 3, a servo channel 300 with equalizer
adaptation and target adaptation i1s depicted in accordance
with some embodiments of the present invention. Servo chan-
nel 300 includes an analog to digital converter circuit 304 that
receives an analog signal 302 representing servo data (e.g.,
130). In some cases, analog signal 302 i1s derived from a
read/write head assembly (e.g., 220) that 1s disposed 1n rela-
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tion to a storage medium (e.g., 216). Based upon the disclo-
sure provided herein, one of ordinary skill in the art waill
recognize a variety of sources from which analog mput 302
can be derived. In some embodiments, the data written to at
least some servo fields on the storage medium 1s bi-phase
encoded. In these embodiments, a servo data bit 1s repre-
sented by non-return to zero (INRZ) data written to the storage
medium that has two phases separated by a transition. In some
cases, for example, a servo data bit with value “0” 1n the servo
address mark 134 or Gray code 136 1s represented by NRZ
bits “1100”.

Analog to digital converter circuit 304 converts analog
signal 302 1nto a corresponding series of digital samples 306.
Analog to digital converter circuit 304 can be any circuit
known 1n the art that 1s capable of producing digital samples
306 corresponding to an analog input signal 302. Based upon
the disclosure provided herein, one of ordinary skill 1n the art
will recognize a variety of analog to digital converter circuits
that can be used 1n relation to different embodiments of the
present invention. The analog to digital converter circuit 304
samples analog signal 302 according to a clock signal from a
digital phase locked loop 308 which locks the sampling phase
based on the digital samples 306.

Digital samples 306 are provided to an equalizer circuit
310. Equalizer circuit 310 applies an equalization algorithm
to digital samples 306, shaping them to yield an equalized
output 312. In some embodiments of the present ivention,
equalizer circuit 310 1s a digital finite impulse response filter
circuit as are known 1n the art. The equalizer circuit 310 1s
configured by a number of filter tap coelficients 376 which
adjust the filtering applied to the digital samples 306. By
adapting the filter tap coetlicients 376 based on conditions 1n
the servo channel 300, the ability of servo channel 300 to
correctly recover the original values 1s improved. Equalizer
circuit 310 can be any circuit known 1n the art that 1s capable
of filtering digital samples according to adaptable filter tap
coellicients 376. Based upon the disclosure provided herein,
one of ordimary skill 1n the art will recognize a variety of
equalizer circuits that can be used in relation to different
embodiments of the present invention.

Equalized output 312 1s provided to an interpolation circuit
314 which 1s operable to interpolate between the digital
samples 306 to vield interpolated samples 316. In some
embodiments, mterpolation circuit 314 1s a bank of digital
phase interpolators. Interpolation circuit 314 can be any cir-
cuit known 1n the art that 1s capable of interpolating between
digital samples to effectively change the sampling phase 1n
the mterpolated samples 316. Based upon the disclosure pro-
vided herein, one of ordinary skill in the art will recognize a
variety of interpolators that can be used 1n relation to different
embodiments of the present invention.

The interpolated samples 316 are provided to a phase track-
ing circuit 320 which 1s operable to perform open loop phase
tracking of interpolated samples 316. The phase tracking
circuit 320 1s operable to stabilize the phase of interpolated
samples 316, removing any phase variations that may occur,
yielding detector input 322. Phase tracking circuit 320 can be
any circuit known 1n the art that 1s capable of detecting phase
changes using open loop control and stabilizing the phase of
the output samples. Based upon the disclosure provided
herein, one of ordinary skill in the art will recognize a variety
of phase tracking circuits that can be used in relation to
different embodiments of the present invention.

The detector input 322 1s provided to a detector 324, oper-
able 1n some embodiments to detect values of servo address
mark bits and Gray code bits 1n detector input 322. In some
embodiments, detector 324 1s a peak detector as 1s known 1n
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the art. In some of these embodiments, the data bits in detector
input 322 have actual values of either 1 or —1, and the peak
detector 322 applies a threshold of O volts 1n a comparison of
cach bit of the detector mput 322. If the incoming bit of
detector mput 322 1s greater than O, the corresponding hard
decision at hard decision output 346 1s 1, and 11 the incoming
bit of detector input 322 1s less than 0, the corresponding hard
decision at hard decision output 346 1s —1. Based upon the
disclosure provided herein, one of ordinary skill 1n the art will
recognize a variety of data detector circuits that can be used in
relation to different embodiments of the present invention.
The servo address mark bits and Gray code bits in hard
decision output 346 can be used for any suitable purpose,
such as, but not limited to, determining whether the read/write
head assembly (e.g., 220)1s positioned correctly over the disk
platter (e.g., 216).

The servo channel 300 adapts both the equalizer circuit 310
and a servo channel partial response target 360. In various
embodiments, the adaptation can be performed continuously
or periodically during normal operation, or 1n a calibration
process before normal operation, etc. Adaptation of the equal-
izer circuit 310 and the target 360 can be independently
disabled 1n some embodiments, enabling the servo channel
300 to adapt both the equalizer circuit 310 and the target 360,
one or the other, or neither. For example, adaptation of one or
the other can be disabled to reduce power usage or to prevent
oscillations once values have substantially converged 1n the
adaptation process.

The hard decision output 346 1s provided to a target circuit
360, which 1s operable to convolve the hard decision output
346 with a target response or partial response target to yield
ideal samples 362. Based upon the disclosure provided
herein, one of ordinary skill in the art will recognize a variety
ol convolution circuits that can be used in relation to different
embodiments of the present invention.

A delay circuit 336 delays the equalized output 312 so that
the resulting delayed equalized output 340 1s aligned with the
ideal samples 362, based on the delay imposed between
equalized output 312 and 1deal samples 362 by interpolation
circuit 314, phase tracking circuit 320, detector 324, target
circuit 360, and any other intervening circuits, if any. The
ideal samples 362 are subtracted from delayed equalized
output 340 1n subtraction circuit 342, vielding adaptation
error 344.

A delay circuit 350 delays the hard decision output 346 so
that the resulting delayed hard decision output 352 1s aligned
with the adaptation error 344, based on the delay imposed
between hard decision output 346 and adaptation error 344 by
target circuit 360, subtraction circuit 342 and any other inter-
vening circuits, 1f any. The delayed hard decision output 352
and adaptation error 344 are provided to an error gradient
calculator 354, which yields an error gradient 356. In some
embodiments, the error gradient calculator 354 multiplies the
delayed hard decision output 352 by the adaptation error 344.
The target circuit 360 1s also operable to generate new target
values with which the hard decision output 346 are con-
volved, based upon the error gradient 356, 1n order to reduce
the error gradient 356. The target circuit 360 can generate new
target values using any suitable algorithm, such as, but not
limited to, a least mean squares algorithm or a zero forcing
adaptation algorithm.

A delay circuit 364 delays the digital samples 306 so that
the resulting delayed digital samples 366 are aligned with the
adaptation error 344, based on the delay imposed between
digital samples 306 and adaptation error 344 by equalizer
circuit 310, interpolation circuit 314, phase tracking circuit
320, detector 324, target circuit 360, subtraction circuit 342
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and any other interveming circuits, 1t any. The delayed digital
samples 366 and adaptation error 344 are provided to an error
gradient calculator 370, which yields an error gradient 372. In
some embodiments, the error gradient calculator 370 multi-
plies the delayed digital samples 366 by the adaptation error
344.

The error gradient calculator 370 1s provided to a tap adap-
tation circuit 374, which 1s operable to calculate filter tap
coellicients 376 for the equalizer circuit 310 based on the
error gradient calculator 370. The tap adaptation circuit 374
generates new lilter tap coelficients 376 using any suitable
algorithm, such as, but not limited to, a least mean squares
algorithm or a zero forcing adaptation algorithm. Based upon
the disclosure provided herein, one of ordinary skill 1n the art
will recognize a variety of adaptation circuits that can be used
in relation to different embodiments of the present invention
to reduce an error signal.

In some embodiments, because the detector 324 1s peak
driven and the sampling phase of the analog to digital con-
verter circuit 304 1s locked to be at around the peak-zero
phase, the equalizer circuit 310 should have zero phase shitt.
A symmetric constraint 1s therefore applied in some embodi-
ments to the adaptation of the filter tap coetlicients 376 per-
tformed by the tap adaptation circuit 374. In some cases, a
main tap constraint 1s applied both for the tap adaptation
circuit 374 and the target circuit 360, where the center filter
tap coellicient 1s constrained to a fixed value. In some other
cases, one or more side taps next to the center tap are con-
strained with a side tap constraint. In some embodiments, the
fixed values are programmable. In some embodiments, a scal-
ing factor applied during adaptation 1s programmable.

Turning to FIG. 4, a servo channel 400 with equalizer
adaptation 1s depicted in accordance with some embodiments
of the present invention. Servo channel 300 includes an ana-
log to digital converter circuit 404 that receives an analog
signal 402 representing servo data (e.g., 130). In some cases,
analog signal 402 1s derived from a read/write head assembly
(e.g., 220) that 1s disposed 1n relation to a storage medium
(e.g.,216). Based upon the disclosure provided herein, one of
ordinary skill in the art will recognize a variety of sources
from which analog input 402 can be derived.

Analog to digital converter circuit 404 converts analog
signal 402 1nto a corresponding series of digital samples 406.
Analog to digital converter circuit 404 can be any circuit
known 1n the art that 1s capable of producing digital samples
406 corresponding to an analog input signal 402. Based upon
the disclosure provided herein, one of ordinary skill 1n the art
will recognize a variety of analog to digital converter circuits
that can be used 1n relation to different embodiments of the
present invention. In this embodiment, the analog to digital
converter circuit 404 oversamples the analog signal 402. A
digital low pass filter (DLPF) 410 1s therefore provided to
filter digital samples 406, yvielding filtered digital samples
412. Also 1n this embodiment, the sampling phase of the
analog to digital converter circuit 404 1s not locked by a phase
locked loop. However, phase excursions are corrected in
phase tracking circuit 424.

Filtered digital samples 412 are provided to an equalizer
circuit 414. Equalizer circuit 414 applies an equalization
algorithm to filtered digital samples 412, shaping them to
yield an equalized output 416. In some embodiments of the
present invention, equalizer circuit 414 1s a digital finite
impulse response filter circuit as are known 1n the art. The
equalizer circuit 414 1s configured by a number of filter tap
coellicients 470 which adjust the equalization {iltering
applied to the filtered digital samples 412. By adapting the
filter tap coetlicients 470 based on conditions 1n the servo
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channel 400, the ability of servo channel 400 to correctly
recover the original values 1s improved. Equalizer circuit 414
can be any circuit known 1n the art that 1s capable of filtering
digital samples according to adaptable filter tap coellicients
4'70. Based upon the disclosure provided herein, one of ordi-
nary skill in the art will recognize a variety of equalizer
circuits that can be used in relation to different embodiments
of the present invention.

Equalized output 416 1s provided to an interpolation circuit
420 which 1s operable to mterpolate between the samples 1n
equalized output 416 to yield interpolated samples 422. In
some embodiments, iterpolation circuit 420 1s a bank of
digital phase interpolators. Interpolation circuit 420 can be
any circuit known 1n the art that 1s capable of interpolating
between digital samples to effectively change the sampling
phase 1n the interpolated samples 422. Based upon the dis-
closure provided herein, one of ordinary skill in the art will
recognize a variety ol interpolators that can be used in relation
to different embodiments of the present mnvention.

The interpolated samples 422 are provided to a phase track-
ing circuit 424 which 1s operable to perform open loop phase
tracking of interpolated samples 422. The phase tracking
circuit 424 1s operable to stabilize the phase of interpolated
samples 422, removing any phase variations that may occur,
yielding detector input 426. Phase tracking circuit 424 can be
any circuit known 1n the art that 1s capable of detecting phase
changes using open loop control and stabilizing the phase of
the output samples. Based upon the disclosure provided
herein, one of ordinary skill in the art will recognize a variety
of phase tracking circuits that can be used in relation to
different embodiments of the present invention.

The detector input 426 1s provided to a detector 430, oper-
able 1n some embodiments to detect values of servo address
mark bits and Gray code bits 1n detector input 426. In some
embodiments, detector 430 1s a peak detector as 1s known 1n
the art. Based upon the disclosure provided herein, one of
ordinary skill in the art will recognize a variety of data detec-
tor circuits that can be used 1n relation to different embodi-
ments of the present invention. In the absence of errors, the
hard decision output 446 from detector 430 contains the NRZ
bits written to the storage medium. The servo address mark
bits and Gray code bits 1n hard decision output 446 can be
used for any suitable purpose, such as, but not limited to,
determining whether the read/write head assembly (e.g., 220)
1s positioned correctly over the disk platter (e.g., 216).

The servo channel 400 adapts the filter tap coetlicients 470
for the equalizer circuit 414. In various embodiments, the
adaptation can be performed continuously or periodically
during normal operation, or in a calibration process before
normal operation, etc. Adaptation of the equalizer circuit 414
can be disabled 1n some embodiments, for example, to reduce
power usage or to prevent oscillations once values have sub-
stantially converged 1n the adaptation process.

The hard decision output 446 1s provided to a target circuit
450, which 1s operable to convolve the hard decision output
446 with a target response or partial response target for the
servo channel 400 to yield ideal samples 452. Based upon the
disclosure provided herein, one of ordinary skill in the art will
recognize a variety of convolution circuits that can be used in
relation to different embodiments of the present invention.

A delay circuit 454 delays the detector input 426 so that the
resulting delayed detector input 456 1s aligned with the 1deal
samples 452, based on the delay imposed between detector
input 426 and ideal samples 452 by detector 430, target circuit
450, and any other intervening circuits, ii any. The ideal
samples 452 are subtracted from delayed detector input 456
in subtraction circuit 460, yielding adaptation error 462.
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A convolution circuit 434 convolves the filtered digital
samples 412 with interpolated samples 432 from interpola-
tion circuit 420, yielding convolution result 436. A delay
circuit 440 delays the convolution result 436 so that the result-
ing delayed sample stream 442 1s aligned with the adaptation
error 462, based on the delay imposed by equalizer circuit
414, interpolator circuit 420, phase tracker 426, SAM/Gray
detector 430, and the 1deal target sample generation circuit
450 and any other intervening circuits, if any. The resulting
delayed sample stream 442 and the adaptation error 462 are
provided to an error gradient calculator 444, which yields an
error gradient 464. In some embodiments, the error gradient
calculator 444 multiplies the delayed sample stream 442 by
the adaptation error 462 to generate error gradient 464.

The error gradient 464 1s provided to a tap adaptation
circuit 466, which 1s operable to calculate filter tap coefli-
cients 470 for the equalizer circuit 414 based on the error
gradient 464. The tap adaptation circuit 466 generates new
filter tap coelficients 470 using any suitable algorithm, such
as, but not limited to, a least mean squares algorithm or a zero
forcing adaptation algorithm. Based upon the disclosure pro-
vided herein, one of ordinary skill in the art will recognize a
variety ol adaptation circuits that can be used 1n relation to
different embodiments of the present mnvention to reduce an
error signal.

In some embodiments, the servo channel 400 also enables
target circuit 450 adapt the target values with which the hard
decision output 446 1s convolved. A delay circuit 476 delays
the hard decision output 446 so that the resulting delayed hard
decision output 474 1s aligned with the adaptation error 462.
The error gradient calculator 444 calculates error gradient
4’72 based on the delayed hard decision output 474 and the
adaptation error 462. In some embodiments, the error gradi-
ent calculator 444 multiplies the adaptation error 462 and the
delayed hard decision output 474 to generate error gradient
4'72. The target circuit 450 1s operable to generate new target
values with which the hard decision output 446 1s convolved,
based upon the error gradient 472, 1n order to reduce the error
gradient 472. The target circuit 450 can generate new target
values using any suitable algorithm, such as, but not limited
to, a least mean squares algorithm or a zero forcing adaptation
algorithm.

In some embodiments, because the detector 430 1s peak
driven, the equalizer circuit 414 should have zero phase shift.
A symmetric constraint 1s therefore applied in some embodi-
ments to the adaptation of the filter tap coetlicients 470 per-
formed by the tap adaptation circuit 466. In some cases, a
main tap constraint 1s applied both for the tap adaptation
circuit 466, where the center filter tap coellicient 1s con-
strained to a fixed value. In some other cases, one or more side
taps next to the center tap are constrained with a side tap
constraint. In some embodiments, the fixed values are pro-
grammable. In some embodiments, a scaling factor applied
during adaptation 1s programmable.

Turning to FIG. 5, a flow diagram 500 shows a method for
adapting equalizer filter coelficients 1n a servo channel 1n
accordance with some embodiments of the present invention.
Following flow diagram 500, an analog signal representing
servo data 1s received. (Block 502) The analog signal 1s con-
verted to a series of digital samples and, 1n some embodi-
ments, the sampling phase does not need to be controlled.
Thus, the digital samples do not have a stable phase. It the
analog signal 1s oversampled, a digital low pass filter 1s used
for anti-aliasing before decimation and equalization. (Block
504) The digital samples are equalized to yield an equalized
output. (Block 506) The equalized output 1s mterpolated to
yield interpolated samples. (Block 510) The phase of the
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interpolated samples 1s stabilized i a phase tracking circuat.
(Block 512) In some embodiments, the interpolation 1s per-
formed using a bank of interpolation filters. A detection algo-
rithm 1s performed on the stabilized interpolated samples to
yield a detected output. (Block 514) In some embodiments,
the detection algorithm comprises a peak detection algo-
rithm. The detected output 1s convolved with a target to yield
first convolution results. (Block 516) The first convolution
results are subtracted from the stabilized interpolated samples
to yield an adaptation error. (Block 520) The digital samples
from Block 504 are convolved with the interpolator in Block
510 to vyield second convolution results. (Block 522) The
second convolution results are multiplied by the adaptation
error to yield an error gradient. (Block 524) The filter coetti-
cients for equalization are adapted based on the error gradi-
ent. (Block 526) The adaptation process can implement any
suitable adaptation algorithm, such as, but not limited to, a
least means squares reduction algorithm or zero forcing adap-
tation algorithm. In some embodiments, the target 1s also
adapted based on the adaptation error and the detected output.
In some embodiments, the equalization adaptation and target
adaptation process 1s only enabled during SAM and/or Gray
processing, and can be done in parallel or enabled/disabled
independently.

Turming to FIG. 6, a flow diagram 600 shows a method for
equalizer and target adaptation in a servo channel 1n accor-
dance with some embodiments of the present invention. Fol-
lowing flow diagram 600, an analog signal representing servo
datais received. (Block 602) The analog signal 1s converted to
a series of digital samples and the sampling phase 1s con-
trolled by a digital phase locked loop, yielding digital samples
with a stable phase. (Block 604) The digital samples are
equalized to vield an equalized output. (Block 606) The
equalized output s interpolated to yield interpolated samples.
(Block 610) The phase of the interpolated samples 1s tracked
and fine tuned 1n a phase tracking circuit. (Block 612) In some
embodiments, the iterpolation 1s performed using a bank of
interpolation filters. A detection algorithm 1s performed on
the stabilized iterpolated samples to yield a detected output.
(Block 614) In some embodiments, the detection algorithm
comprises a peak detection algorithm. The detected output 1s
convolved with a target to vield convolution results. (Block
616) The convolution results are subtracted from the equal-
1zed output to yield an adaptation error. (Block 620) The
detected output 1s multiplied by the adaptation error to yield
an error gradient. (Block 622) The target 1s adapted based on
the error gradient. (Block 624) The digital samples are mul-
tiplied by the adaptation error to yield a second error gradient.
(Block 626) The filter coellicients for equalization are
adapted based on the second error gradient. (Block 630) The
adaptation process can implement any suitable adaptation
algorithm, such as, but not limited to, a least means squares
reduction algorithm or zero forcing adaptation algorithm. In
some embodiments, the equalization adaptation and target
adaptation process 1s only enabled during SAM and/or Gray
processing, and can be done in parallel or enabled/disabled
independently.

It should be noted that the various blocks shown 1n the
drawings and discussed herein may be implemented 1n 1nte-
grated circuits along with other functionality. Such integrated
circuits may include all of the functions of a given block,
system or circuit, or a subset of the block, system or circuit.
Further, elements of the blocks, systems or circuits may be
implemented across multiple integrated circuits. Such inte-
grated circuits may be any type of integrated circuit known in
the art including, but are not limited to, a monolithic inte-
grated circuit, a tlip chip integrated circuit, a multichip mod-
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ule integrated circuit, and/or a mixed signal integrated circuit.
It should also be noted that various functions of the blocks,
systems or circuits discussed herein may be implemented 1n
either software or firmware. In some such cases, the entire
system, block or circuit may be implemented using its soft-
ware or firmware equivalent. In other cases, the one part of a
given system, block or circuit may be implemented in sofit-
ware or lirmware, while other parts are implemented 1n hard-
ware.

In conclusion, the present invention provides novel equal-
izer and target adaptation 1n a servo channel. While detailed
descriptions of one or more embodiments of the invention
have been given above, various alternatives, modifications,
and equivalents will be apparent to those skilled 1n the art
without varying from the spirit of the invention. Therefore,
the above description should not be taken as limiting the
scope of the mvention, which 1s defined by the appended
claims.

What 1s claimed 1s:

1. A servo system comprising;:

a hardware equalizer circuit operable to filter digital servo
data samples according to filter tap coellicients to yield
equalized data;

a hardware detector circuit operable to apply a data detec-
tion algorithm to the equalized data to yield hard deci-
S101S;

a convolution circuit operable to convolve the hard deci-
stons with a target response to yield 1deal digital data;

a subtraction circuit operable to subtract the 1deal digital
data from the equalized data to yield an adaptation error
signal;

an error gradient calculator operable calculate an error
gradient signal based at least 1n part on the adaptation
error signal, wherein the error gradient calculator is
operable to calculate the error gradient signal by multi-
plying the digital servo data samples with the adaptation
error signal;

a tap adaptation circuit operable to calculate values of the
filter tap coetlicients based on the error gradient signal;
and

a second error gradient calculator operable to calculate a
second error gradient signal based on the hard decisions
and on the adaptation error signal, wherein the convolu-
tion circuit 1s further operable to adapt the target
response based on the second error gradient signal.

2. The servo system of claim 1, further comprising an
interpolation circuit operable to perform phase interpolation
on the equalized data before the data detection algorithm 1s
applied.

3. The servo system of claim 2, further comprising a phase
tracking circuit operable to stabilize a sampling phase of the
equalized data before the data detection algorithm 1s applied.

4. The servo system of claim 2, further comprising a second
convolution circuit operable to convolve the equalized data
with an output of the interpolation circuit to yield convolution
results.

5. The servo system of claim 4, wherein the error gradient
calculator 1s operable to calculate the error gradient signal by
multiplying the adaptation error signal with the convolution
results.

6. The servo system of claim 1, wherein the detector circuit
comprises a peak detector.

7. The servo system of claim 1, wherein the tap adaptation
circuit 1s operable to apply constraints to the filter tap coetli-
cients.

8. The servo system of claim 7, wherein the constraints
maintain a value of at least one of the filter tap coetlicients as
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others of the filter tap coeflicients are adapted, wherein the
constraints are selected from a group consisting of main tap
constraints and side tap constraints, and wherein the con-
straints force the filter tap coellicients to be symmetric around
a main tap.

9. The servo system of claim 1, wherein the tap adaptation
circuit 1s operable to be selectively disabled.

10. The servo system of claim 1, further comprising an
analog to digital converter operable to oversample an analog
signal to generate the digital servo data samples, and a digital
low pass filter operable to filter the digital servo data samples.

11. The servo system of claim 1, further comprising an
analog to digital converter operable to sample an analog sig-
nal to generate the digital servo data samples, and a digital
phase locked loop operable to control a sampling phase of the
analog to digital converter.

12. A method for equalizer adaptation in a servo channel,
comprising;

equalizing digital data samples in a hardware equalizer

based on filter tap coellicients to yield an equalized
output;

performing a detection algorithm on the equalized output

to yield a detected output;

convolving the detected output with a target response to

yield 1deal digital data samples;

subtracting the i1deal digital data samples from the equal-

1zed output to yield an adaptation error signal;
calculating an error gradient signal based at least 1n part on
the adaptation error signal;

adapting the filter tap coelficients based on the error gra-

dient signal; and

calculating a second error gradient signal by multiplying

the detected output with the adaptation error signal, and
adapting the target response based on the second error
gradient signal.

13. The method of claim 12, further comprising applying
constraints to the filter tap coelficients during the adapting.

14. The method of claim 12, wherein the error gradient
signal 1s calculated by multiplying the adaptation error signal
by the digital data samples.

15. The method of claim 12, further comprising interpolat-
ing between the equalized output before performing the
detection algorithm.

16. The method of claim 12, further comprising stabilizing
a phase of the equalized output before performing the detec-
tion algorithm.

17. A storage device, comprising:

a storage medium operable to store user data and servo
data;

a head assembly disposed 1n relation to the storage medium
and operable to read and write data on the storage
medium; and

a servo system operable to process a signal read from the
storage medium by the head assembly corresponding to
the servo data, the servo system comprising:

an analog to digital converter operable to sample the signal
to yield digital data;

an equalizer operable to filter the digital data based on filter
tap coellicients to yield equalized data samples;

a detector operable to detect values of the equalized data
samples to yield hard decisions;

a convolution circuit operable to convolve the hard deci-
sions with a target response to yield 1deal digital data;

a subtraction circuit operable to subtract the ideal digital
data from the equalized data samples to yield an adap-
tation error signal;
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an error gradient calculator operable to calculate an error
gradient signal based at least 1n part on the adaptation
error signal for adaptation of the equalizer;

a tap adaptation circuit operable to calculate values of the
filter tap coetlicients for the equalizer based on the error
gradient signal;

a second error gradient calculator operable to calculate a
second error gradient signal based at least in part on the
adaptation error signal for target filter adaptation; and

a second tap adaptation circuit operable to calculate values
of the filter tap coellicients for the target based on the
second error gradient signal.

18. The storage device of claim 17, further comprising an
interpolation circuit operable to perform phase interpolation
on the equalized data samples before the detector.

19. The storage device of claim 18, further comprising a
phase tracking circuit operable to stabilize a sampling phase
in the analog to digital converter.

20. The storage device of claim 17, wherein the detector
comprises a peak detector.
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